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PREFACE 


Anatomical  differences  between  experimental  species  may  affect  the  relative  rates  of 
chemical  penetration  into  and  through  the  skin.  Computer-based  morphometric  techniques 
were  used  to  quantitate  selected  morphologic  characteristics  within  the  epidermal  and  dermal 
regions  of  dorsal  midline  skin  of  the  Hartley  and  lAF  (Hairless)  Guinea  pigs,  BgCsFi  and  SKH1 
(Hairless)  mice.  Fuzzy  and  Fischer  (F-344)  rats,  mixed  breed  farm  pigs  and  Rhesus  monkeys. 
The  cutaneous  thickness  measurements  included  the  stratum  comeum,  the  stratum 
germinativum,  the  underlying  viable  epidermis  and  the  dermis.  Vascular  measurements 
included  the  average  depth  and  fractional  area  for  capillaries,  venules  and  arterioles.  Adnexal 
measurements  included  the  average  depth  and  fractional  area  of  hair  follicles  and  sebaceous 
glands  and  the  average  number  of  follicular  ostia  per  unit  surface  area.  Statistical  analysis 
revealed  comparative  differences  that  could  not  be  attributable  to  animal  size.  These 
measurements  will  allow  for  an  improved  understanding  of  the  anatomical  differences  of  skin  in 
laboratory  animals.  This  understanding  is  critical  to  facilitate  extrapolation  of  chemical 
absorption  in  animals  to  humans. 
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INTRODUCTION 


The  cutaneous  (skin)  system  is  the  largest  organ  system  in  both  man  and  animals  (1) 
and  serves  as  a  barrier  to  the  exterior  environment  with  important  sensory  and  thermo¬ 
regulatory  functions.  Although  the  skin  primarily  functions  as  a  barrier,  it  is  an  incomplete  barrier 
that  can  allow  chemical  substances  into  the  body.  In  toxicology,  transdermal  absorption  can  be 
a  primary  route  of  exposure  for  liquids  or  a  secondary  route  of  exposure  for  vapors.  Adequately 
predicting  the  risk  from  occupational  or  accidental  skin  exposure  to  liquids  and  vapors  requires 
a  full  understanding  of  the  chemical  absorption  process. 

A  significant  failing  of  toxicology  research  is  the  marginal  ability  of  data  from  dermal 
absorption  research  in  laboratory  animals  to  be  predictive  of  human  exposures.  This  can  be 
attributed  to  the  currently-limited  understanding  of  basic  cutaneous  physiology  and  comparative 
anatomical  differences.  There  is  often  significant  anatomical  variation  of  skin  between  species 
and  within  individuals  of  the  same  species.  Age,  sex,  location  on  the  body,  nutrition  and 
hormonal  status  can  affect  not  only  the  anatomical  characteristics  of  skin,  but  also  the 
metabolic  and  physiologic  properties. 

Reviews  of  dermatotoxicity,  including  that  of  All  and  Oehme(1992)(2).  tend  to 
concentrate  on  human  or  domestic  animal  anatomy  and  not  that  of  common  laboratory  animals. 
A  study  conducted  by  Montereiro-Riveire,  et  at  (1990)  is  the  only  other  investigation  known  to 
the  authors  in  which  anatomical  features  were  measured  in  a  number  of  species  (/.e.  the  cat, 
cow,  dog,  horse,  pig,  rat,  mouse,  rabbit  and  monkey).  In  that  study  the  thickness  of  the  stratum 
corneum  and  epidermis  and  the  number  of  cell  layers  at  five  various  body  sites  were  measured 
using  an  ocular  micrometer. 

The  understanding  of  species  differences  in  barrier  function  can  be  significantly 
improved  by  morphometrically  defining  the  anatomical  characteristics  and  differences  between 
commonly  studied  laboratory  animals  and  man.  The  most  important  components  of  skin  which 
can  affect  the  transport  of  compounds  into  the  body  are  within  three  anatomical  regions:  (1)  the 
epidermis,  (2)  the  dermis,  and  (3)  the  subcutis  or  hypodermis.  These  regions  and  the  dermo- 
epidermal  junction  have  special  structural  and  physiological  properties  as  do  the  cutaneous 
adnexal  components,  nerves  and  vasculature. 

Morphometry  is  the  measurement  of  form  and  implies  a  sort  of  quantitative  assessment 
of  a  form,  such  as  length  or  area.  Stereology,  a  subordinate  field  of  morphometry,  allows 
calculation  of  three  dimensional  quantitative  parameters  from  measurements  made  on  two 
dimensional  images  of  three  dimensional  objects.  Prior  to  the  use  of  computers,  images  that 
were  measured  were  often  photographs  or  scale  drawings  of  the  form  or  object.  Computer 
technology  has  allowed  the  original  form  or  object  to  be  viewed  by  a  television  camera  and 
converted  from  an  analog  to  a  digital  image.  The  digital  image  is  well-suited  for  mathematical 
morphology  including  binary,  grey  and  color  image  processing  and  measurement. 

The  objective  of  this  investigation  was  to  use  computer-based  morphometric  techniques 
to  quantitate  selected  morphologic  characteristics  within  the  epidermal  and  dermal  regions  in 
eight  laboratory  species. 
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STRUCTURE  AND  PHYSrOLOGY  OF  SKIN 

The  integumentary  system  is  derived  from  a  simple  embryonic  structure  that  becomes 
complex,  matures  and  atrophies  with  age.  It  has  two  embryonic  origins:  a  superficial  layer 
called  the  epidermis,  which  develops  from  ectoderm;  and  a  second,  deep  layer  called  the 
dermis,  which  develops  from  mesoderm.  Initially,  the  epidermis  is  a  single  layer,  but  as  the 
embryo  matures,  multiple  layers  are  formed.  Hairs  are  developed  from  epidermal  invaginations 
into  the  dermis,  and  the  surrounding  dermal  root  sheath  is  formed  by  the  dermal  mesenchyme. 

The  epidermis  is  the  outer  skin  and  functions  as  a  barrier  to  physical  and  chemical 
agents.  This  is  primarily  attributable  to  the  properties  of  an  epidermal  cell  product  called 
keratin.  Keratin  is  a  filamentous  protein  that  is  insoluble  and  physically  tough.  This  protein 
progressively  accumulates  in  epidermal  cells  as  they  differentiate  from  basal  cells,  migrate 
toward  the  surface  and  eventually  form  a  solid,  protective  thin  envelope  overlying  the  epidermis. 

The  epidermal  cell  types  are  keratinocytes,  melanocytes,  Langerhans  cells  and  Merkel 
cells.  The  predominant  cell  type  is  the  keratinocyte,  and  it  occurs  in  three  anatomical  or 
morphological  stages:  (1)  growth  and  proliferation  (stratum  germinativum/basal  cell  layer);  (2) 
maturation  and  outward  displacement  (stratum  spinosum/spinous  cell  layer  and  stratum 
granulosum/granular  cell  layer);  and  (3)  dyshesion/desquamation  (stratum  corneum/comified 
layer).  These  stages  have  distinct  characteristics  and  appearances. 

The  epidermis  can  also  be  classified  as:  (1)  the  viable  epidermis,  which  contains  living, 
nucleated  cells;  and  (2)  the  nonviable  epidermis,  a  non-nucleated  layer  composed  of  end-stage 
comified  keratinocytes.  The  viable  epidermis  is  composed  of  the  basal  cell  layer,  the  spinous 
cell  layer  and  the  granular  cell  layer.  The  basal  cell  layer  is  mitotically  active  and  has  cuboidal 
cells  that  contain  some  keratin.  The  basal  cell  layer  is  the  source  of  the  keratinocytes  which 
migrate  away  from  the  basement  membrane  and  become  transformed  in  the  keratinocyte 
stages.  The  spinous  cell  layer  contains  more  keratin  and  has  larger  elongated  or  flattened 
keratinocytes  with  increased  cytoplasm. 

The  granular  layer  keratinocyte  contains  non-membrane  bound  granules  measuring  1-5 
microns  in  diameter.  These  granules  are  of  two  types:  (1)  a  dense  homogenous  deposited 
(DHD)  granule,  and  (2)  a  larger  and  more  irregular  granule,  termed  a  keratohyalin  granule.  A 
transition  occurs  in  the  uppermost  part  of  this  layer.  Cytoplasmic  organelles,  including  the  nuclei 
and  filaments,  are  loosened.  Keratohyalin  granules  disappear  and  are  replaced  by  7  to  8nm 
electron  lucent  filaments.  The  cell  membrane  is  altered  so  that  it  is  not  solubilized  by  reducing 
or  dissociating  agents  and  can  be  hydrolyzed  only  by  proteases.  The  upper  spinous  layer  and 
granular  layer  also  contain  2  to  3.5nm  lamellar  granules  which  are  produced  by  golgi.  These 
structures  are  secreted  from  the  cells  and  deposited  between  keratinocytes.  The  epidermis  is 
permeable  to  water  at  both  the  deepest  and  most  superficial  portions  but  is  generally  regarded 
as  impermeable  to  water  from  either  direction  at  the  level  of  the  granular  layer. 

The  nonviable  epidermis,  termed  the  non-nucleated  stratum  comeum,  represents  the 
last  stage  of  keratinization.  The  stratum  corneum  is  composed  predominately  of  keratin  and  is 
generally  regarded  as  an  impermeable  sheet  or  layer  to  many  compounds.  In  this  stage  of 
maturation,  there  is  desquamation  of  keratinocytes.  The  histologic  appearance  of  multiple- 
stacked  thin  keratin  layers  is  related  to  continuous  growth  of  the  epidermis  and  waves  of 
desquamation.  The  mechanism  of  keratinocyte  dyshesion  is  debated  and  uncertain. 

The  dermal-epidermal  junction  anchors  and  supports  the  epidermis  to  the  dermis  and 
also  serves  as  a  barrier  to  certain  large  molecular  compounds.  It  is  composed  of  a  basement 
membrane,  which  is  a  dense  lamina  of  interwoven  type  IV  collagen  chains,  and  an  underlying 
thin  zone  of  anchoring  filaments  and  microfibril  bundles  known  as  reticular  fibers  or  reticulin 
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(type  III  collagen).  The  dense  upper  zone  provides  a  surface  for  the  epidermal  cells  to  grow 
upon  and  is  a  medium  that  allows  the  transfer  of  nutritional  and  hormonal  compounds.  The  thin 
underlying  zone  serves  to  attach  overlying  structures  to  the  adjacent  type  I  collagen  fibers  of 
the  dermis. 

The  dermis  provides  flexible  support  to  the  skin  by  allowing  stretching  and  also  contains 
structures  for  thermo-regulation.  It  is  extremely  collagen-rich  and  contains  nerves,  vessels  and 
the  adnexa.  The  dermis  can  be  divided  into  the  superficial  and  reticular  dermis.  The  superficial 
dermis,  or  papillary  dermis,  is  a  loosely-packed  fibrous  tissue  composed  of  collagen  fibers,  thick 
and  thin  elastic  fibers,  and  ground  substance.  Ground  substance  is  a  gel  of  hydrophilic, 
amorphous  material  that  forms  a  matrix  that  embeds  extracellular  fibers.  It  is  composed  of 
amino(proteo)glycans  and  glycosaminoglycans  (hyaluronic  acid,  chondroitin  sulfate,  dermatan 
sulfate).  The  reticular  dermis  is  composed  predominantly  of  densely-packed,  thick  fibrous 
collagen  bundles. 

The  skin  is  the  largest  sensory  organ  of  the  body.  The  dermal  nerves  are  branches  of 
spinal  and  trigeminal  nerves.  The  afferent  sensory  cutaneous  nerves  sense  pressure,  pain, 
heat  and  cold.  The  efferent  cutaneous  nerves  innervate  vessels  and  help  regulate  cutaneous 
blood  flow.  Blood  flow  in  capillaries  is  not  solely  regulated  by  innervation.  The  mediators  of 
inflammation,  such  as  vasoactive  amines,  plasma  kinins  and  prostaglandins,  are  well 
recognized  to  influence  blood  flow  by  affecting  vascular  permeability. 

Blood  vessels  have  a  role  of  metabolic  supply  and  thermal  regulation.  Not  all  capillaries 
in  the  dermis  are  distributed  randomly.  Many  are  grouped  in  a  layered  fashion  known  as  a 
dermal  plexus.  In  humans,  the  superficial,  intermediate  and  deep  dermal  plexuses  are 
recognized.  There  are  scant  references  to  dermal  plexus  in  animals.  The  plexuses  also 
surround  adnexal  structures  as  they  invaginate  into  the  dermis  in  a  glove-like  fashion. 

The  anatomical  link  between  the  arteriole  and  the  venule  is  most  often  the  capillary  but 
can  be  a  glomus  body,  a  structure  for  shunting  blood.  Arterio-venous  shunts,  through  glomus 
bodies,  occur  in  regions  of  nail  beds  (finger  and  toe  nails;  claws,  hooves)  and  also  in  the  lips 
and  nose.  Lymphatics  are  also  present  in  the  dermis  and  tend  to  follow  the  same  pathways  as 
blood  vessels.  Their  morphologic  features  include  distended  lumens,  thin  walls  and  prominent 
valves. 

The  adnexa  are  cutaneous  appendages  and  may  include  hair,  sebaceous  glands  and 
.  sweat  glands.  There  is  significant  variation  between  species  in  the  composition  and  distribution 
of  the  adnexa.  Hair  is  a  keratinized  structure  produced  in  a  hair  follicle.  The  free  portion  of  the 
hair  above  the  skin  is  the  hair  shaft.  The  hair  root,  which  terminates  as  the  hair  bulb  at  the 
dermal  papilla,  is  inside  the  follicle.  The  hair  is  composed  of  a  cortex  of  densely-compact 
keratinized  cells  and  a  medulla  of  loosely-filled  cuboidal  or  flattened  cells. 

Hair  follicles  are  composed  of  an  inner  root  sheath  adjacent  to  the  hair  and  an  outer  root 
sheath.  The  dermal  papillae  are  composed  of  the  hair  matrix  cells,  which  are  similar  to 
epidermal  basal  cells.  Hair  follicles  can  occur  as  primary  or  secondary  follicles  and  can  be 
single  or  compound.  Primary  follicles  have  roots  that  extend  deeply  into  the  dermis  and  are 
often  associated  with  sebaceous  glands  or  sweat  glands.  Secondary  follicles  have  roots  closer 
to  the  surface  and  are  of  a  smaller  diameter.  They  may  have  associated  sebaceous  glands  but 
not  sweat  glands.  A  single  or  simple  follicle  has  only  one  hair  emerging,  while  a  compound 
follicle  may  have  several.  The  distribution  of  emerging  hair  follicles  varies  widely  between 
species. 

Sweat  glands  are  morphologically  classified  as  apocrine  type  and  merocrine  (eccrine) 
type.  Apocrine  glands  are  simple  tubular  glands  and  are  the  most  developed  type  in  animals; 
however,  the  incidence  in  animal  species  varies  widely.  Merocrine  glands  are  found  mainly  in 
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foot  pads  and  nasolabial  regions.  Sebaceous  glands  can  be  simple,  compound  or  branched 
holocrine  glands  that  originate  from  the  external  root  sheath.  They  are  often  associated  with 
hair  follicles  into  which  they  release  sebum. 

The  remaining  subcutis  layer  is  fibro-fatty  tissue  that  insulates  and  cushions  the  body.  It 
is  composed  of  adipose  tissue,  collagen  and  muscle. 
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MATERIALS  AND  METHODS 


Laboratory  Animals 

Cutaneous  specimens  were  obtained  from  ten  individual  animals  of  the  following  three 
rodent  species  (six  strains):  Hartley  Guinea  pig,  lAF  (Hairless)  Guinea  pig,  BeCgFi  mice,  SKH1 
(Hairless)  mice.  Fuzzy  rats  and  Fischer  344  (F-344)  rats.  The  Hartley  Guinea  pigs  (or 
Crl:(HA)BR)  are  an  outbred  strain.  The  lAF  Hairless  Guinea  pigs  (or  Crl:IAF/HA(hr/hr)BR)  are 
mutants  derived  from  Hartley  Guinea  pigs.  The  BgCgFi  mice  (or  BeCsFi/CrIBR)  are  hybrid  mice 
derived  from  a  cross  between  female  CsyBL/SNCrIBR  and  male  CsH/NeNCrlBR  mice.  The 
SKH1  (Hairless)  mice  (or  Crl:SKH1()hr/hrBR)  are  an  outbred  non-pedigreed/uncharacterized 
hairless  strain  of  mice.  The  Fuzzy  rat  (or  WF/PmWp-'fz")  is  a  hypotrichotic  mutant  derived  from 
inbred  Wistar  Furth  (WF)  rats.  The  Fischer  rats  (or  CDF  (F-344)/CrlBR)  are  inbred  rats. 
Additionally,  specimens  were  obtained  from  five  mixed  breed  farm  pigs  and  five  Rhesus 
monkeys. 

Animals  were  male  with  the  exception  of  the  farm  pigs.  Rodents,  approximately  90  days 
old,  were  obtained  from  Charles  River  Laboratories  (Wilmington  MA),  with  the  exception  of  the 
Fuzzy  rats  which  were  obtained  from  a  colony  maintained  at  Armstrong  Laboratory, 
Comparative  Medicine  Branch,  Wright-Patterson  AFB,  OH.  The  Rhesus  cutaneous  biopsies 
were  obtained  from  animals  in  a  colony  at  Wright-Patterson  AFB  and  were  approximately  10-12 
years  old.  The  mixed  breed  farm  pigs  were  obtained  from  a  local  source  and  were 
approximately  3  months  old. 

Animal  weights  were  within  the  following  ranges: 


Hartley  Guinea  pig 

600-700  grams 

Hairless  Guinea  pig 

600-700  grams 

BgCsFi  mice 

28  -  32  grams 

SKH1  Hairless  mice 

28  -  34  grams 

Fuzzy  rats 

300-325  grams 

Fischer  344  (F-344)  rats 

225-250  grams 

Mixed  breed  farm  pigs 

70  -  80  lbs/35 

Rhesus  monkeys 

10 -12  Kg 

Sample  Preparation 

Cutaneous  specimens  were  taken  from  the  dorsal  mid-line  in  the  mid-thoracic  region. 
Specimens  were  fixed  in  buffered  formalin  and  embedded  in  paraffin.  Four  micron  tissue 
sections  were  cut  in  a  routine  histologic  manner  (perpendicular  to  the  epidermal  surface)  and 
stained  with  hematoxylin  and  eosin  (H&E)  or  Masson’s  trichrome  stain.  A  second  tissue 
specimen  was  obtained  from  each  rodent  species  and  fixed  in  buffered  formalin;  however,  the 
specimen,  when  embedded  in  paraffin,  was  aligned  to  allow  sectioning  in  a  plane  parallel  to  the 
surface.  It  was  sectioned  at  a  depth  of  the  dermal-epidermal  junction  and  stained  with  H&E. 

Morphometric  Analysis 

All  measurements  were  performed  on  routine  histologic  specimens,  except  for  those 
associated  with  hair  follicle  counts  per  cutaneous  surface  area  which  were  obtained  from  the 
second  histologic  section. 

Quantitative  image  analysis  was  performed  using  a  Quantimet  570c  Image  Analysis 
System  (Leica,  Inc.,  Deerfield,  IL.).  The  Quantimet  570c  Image  Analysis  system  is  composed  of 
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a  microscope  with  a  mounted  3CCD  color  camera,  an  analysis  system  and  a  controlling 
computer.  The  analysis  system  is  composed  of  a  video  preprocessor,  a  morphological 
processor,  a  measurement  processor  and  a  video  postprocessor.  The  controlling  computer 
conducts  the  various  analysis  processors  through  an  interfacing  68000  Motorola  processor. 


A  •  Hair 

B  -  stratum  Comeum 

C  -  Stratum  Granulosum  and  Viable  Epidermis 
D  •  Basement  Membrane 
E  -  Sebaceous  Gland 
F  -  Hair  Foilicle 
G  -  vessles  ■ 

These  principles  were  used  to  define  areas  for  image  analysis: 

1 .  Epidermal  thickness  measurements  were  conducted  in  inter-follicular  regions  and 
excluded  epithelia  associated  with  hair  follicles.  A  single  epidermal  thickness 
measurement  was  the  distance  between  the  uppermost  portion  of  the  attached  stratum 
comeum  to  the  lowest  portion  of  the  viable  epidermis  along  a  single  chord  (see 
Appendix  A). 

2.  Measurements  of  depth  were  based  in  relationship  to  the  basement  membrane  at  the 
dermal-epidermal  junction.  At  points  where  hair  follicles  were  visible  as  directly  confluent 
with  inter-follicular  epithelia,  the  measurement  was  based  on  the  artificial  creation  of  a 
line  to  represent  the  basement  membrane.  This  line  extended  from  the  inter-follicular 
basement  membrane,  across  the  follicle  and  rejoined  with  the  opposite  inter-follicular 
basement  membrane. 

3.  Depth  measurements  for  vessels  and  adnexa  were  from  the  basement  membrane  to 
the  center  of  the  feature  measured. 

Epidermal  measurements  were  conducted  with  a  40x  objective  at  three  random  inter- 
follicular  sites  from  a  routine  H&E  stained  histologic  section.  The  computer-based  image 
analysis  algorithm  allowed  for  multiple  serial  measurements  of  epidermal  region  thicknesses  at 
10  pixel  intervals.  The  measured  epidermal  regions  were  the  stratum  comeum,  stratum 
granulosum  and  underlying  viable  epidermis.  Follicular  counts  per  surface  area  were  taken  with 
a  20x  objective  using  the  special  sectioning  described  above. 
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Dermal  vascular  measurements  were  conducted  with  the  40x  objective  and  included 
the  number,  center  depth  from  the  basement  membrane  and  cross  sectional  area  of  capillaries, 
arterioles  and  venules.  The  computer-based  algorithm  used  for  these  measurements  allowed 
for  mapping  of  the  tissue  at  a  low  magnification  into  grids  or  regions  and  subsequent 
measurement  of  the  grid  or  region  at  the  higher  magnification.  A  similar  mapping  algorithm  was 
used  for  adnexal  measurement  using  a  20x  objective  for  quantitative  analysis.  Adnexal 
measurements  included  the  number,  center  depth  and  cross-sectional  area  of  hair  follicles  and 
glands  of  the  analyzed  tissue. 

A  detailed  description  of  the  algorithms  mentioned  is  present  in  Appendix  A. 

Statistical  Analysis 

Measurements  made  by  the  Quantimet  570c  Image  Analysis  System  were  saved  in 
ASCII  computer  file  format.  These  ASCII  files  were  imported  into  RS/1  (BBN  Software  Products 
Corp.,  Cambridge  MA)  and  formatted  for  statistical  analysis  by  BMDP  1D  and  7D  (BMDP 
Statistical  Software,  Inc.,  Los  Angeles,  CA).  Manually  counted  and  tabulated  follicular  ostia  data 
were  manually  entered  into  RS/1 .  Averages  and  standard  deviations  were  first  made  of  data 
from  individual  animal  measurements.  Individual  animal  measurement  averages  of  a  species 
were  then  compiled  to  determine  species  averages  and  standard  deviations  (Tables  la,  2a,  3a, 
4a,  5a).  One  factorial  analysis  of  variance  with  Bonferroni  multiple  comparison  was  conducted 
on  species  averages  to  determine  which  species  measurements  were  significantly  different  (p< 
.05)(Tables  1  b,  2b,  3b,  4b,  5b). 
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RESULTS 


The  Hairless  Guinea  pig  (Tables  1a  and  1  b)  had  the  thickest  total  epidermis  as  well  as 
the  thickest  stratum  corneum,  stratum  granulosum  and  viable  epidermis.  The  BsCaFi  mouse  had 
the  thinnest  total  epidermis  and  the  thinnest  viable  epidermis.  The  BgCsFi  mouse  and  the  F-344 
rats  had  the  thinnest  stratum  granulosum.  The  strains  with  the  thickest  layers  were  about  six 
times  thicker  than  the  strains  with  the  thinnest  layers. 

The  shortest  average  vascular  depth  for  capillaries,  venules  and  arterioles  (Tables  2a 
and  2b)  was  present  in  the  two  mouse  strains,  the  BgCgFi  mice  and  the  SKH1  Hairless  mice. 
The  greatest  average  depth  for  capillaries  and  arterioles  was  found  in  the  F-344  rat  and  the 
Fuzzy  rat.  The  Rhesus  monkey  had  the  greatest  average  venule  depth.  The  depth  of  the  blood 
vessels  varied  two-fold  between  the  strains. 

Analysis  of  the  fractional  area  (Tables  2a  and  2b)  of  dermal  blood  vessels  resulted  in 
few  groups  with  significant  differences.  The  fractional  area  of  dermal  capillaries,  arterioles  and 
venules  was  greatest  in  the  SKH1  mouse.  The  capillary  fractional  area  was  not  significantly 
different  between  the  Rhesus  monkey,  the  F-344  rat,  the  Fuzzy  rat,  the  pig,  the  Hartley  Guinea 
pig  and  the  Hairless  Guinea  pig.  The  venule  fractional  area  was  not  statistically  different 
between  any  of  the  species.  The  arteriole  fractional  area  was  least  in  the  Hairless  Guinea  pig, 
the  Fuzzy  rat,  the  BgCgFi  mice  and  the  Hartley  Guinea  pig.  Capillary  fractional  area  varied  by  a 
factor  of  two  between  statistically  different  strains,  while  the  arteriole  fractional  area  varied  over 
a  factor  of  five  and  venule  fractional  area  varied  by  a  factor  of  nine. 

The  greatest  average  follicular  and  sebaceous  gland  depth  as  well  as  fractional  area 
(Tables  3a  and  3b)  were  found  in  the  pig.  Follicles  in  the  pig  were  approximately  seven  times 
deeper  than  in  the  BgCsFi  mouse,  which  had  the  least  depth.  Sebaceous  glands  in  the  pig  were 
about  eleven  times  deeper  than  those  of  the  mouse.  The  smallest  follicular  fractional  area  was 
present  in  the  F-344  rat,  and  the  smallest  sebaceous  gland  fractional  area  was  found  in  the 
Hartley  Guinea  pig.  Follicular  and  sebaceous  gland  fractional  area  varied  up  to  ten-fold  between 
strains. 

The  number  of  follicular  ostia  per  unit  surface  area  (Tables  4a  and  4b)  was  highest  in 
the  BgCgFi  mouse  and  was  lowest  in  the  pig.  The  number  of  follicular  ostia  in  the  BgCgFi  mice 
was  about  four  times  greater  than  those  of  the  pig.  Due  to  the  presumed  loss  of  some 
sectioned  hairs  within  ostia,  it  was  not  possible  to  correlate  ostia  to  hairs  within  ostia. 

The  thickness  of  the  dermis  (Tables  5a  and  5b)  was  greatest  in  the  pig  and  the  least  in 
the  mouse  strains  with  approximately  an  eight-fold  difference  in  thickness  between  these 
species. 
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Table  1a.  Thickness  of  Epidermal  Components  in  Eight  Laboratory  Species  in  Microns 

Ten  animals  were  sampled  in  each  strain  (10  samples)  except  for  five  primates  (5  samples)  and  the  five  pigs  (5  samples),  each 
sample  was  measured  at  three  different  inter-follicular  sites. 
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Table  1b.  Significant  Differences  in  the  Thickness  of  Epidermai  Components 

Species  which  are  not  significantly  different  (p  <  .05)are  grouped  by  a  connecting  line. 
The  mean  in  micros  is  below  each  strain. 
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guinea  Fuzzy  guinea  SKH1  Rhesus  F-344  BeCgFi 

pig  rat  Pig  pig  mouse  monkey  rat  mouse 

115.4 _ 86^  JM _ ^  46J _ 35J  32.6  21.3 


Table  2a.  Depth*^*  and  Fractional  Area*^*  of  Dermal  Blood  Vessels 

Ten  animals  were  sampled  in  each  strain  (10  samples)  except  for  five  primates  (5  samples)  and  the  five  pigs  (5  samples). 
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Table  2b.  Significant  Differences  in  the  Depth*^’  and  Fractionai  Area*^’  of  Dermal  Blood  Vessels 
Species  which  are  not  significantly  different  (p  <.05)  are  grouped  by  a  connecting  line. 

The  mean  is  below  each  strain. 
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area  measured.  Area  measurements  are  in  square  microns  (p^) 


Table  3a.  Depth'^*  and  Fractional  Area‘s*  of  Dermal  Adnexa 

Ten  animals  were  sampled  in  each  strain  (10  samples)  except  for  five  primates  (5  samples)  and  the  five  pigs  (5  samples). 
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area  measured.  Area  measurements  are  in  square  mincrons  (p^). 


Table  3b.  Significant  Differences  in  Depth'^’  and  Fractional  Area^^’  of  Dermal  Adnexa 
Species  which  are  not  significantly  different  (p  <.05)are  grouped  by  a  connecting  line. 
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(1)  Depth  in  microns  is  measured  from  the  geometric  center  of  the  visible  follicle  or  sebaceous  gland  cross-sectional  area  to  the 
basement  membrane. 

(2)  Fractional  Area  equals  a  ratio  of  the  sum  of  the  cross-sectional  area  of  a  category  (such  as  follicles)  to  the  total  dermal  tissue 
area  measured.  Area  measurements  are  in  square  mincrons  (p^). 


Table  4a.  Number  of  Follicular  Ostia  per  Square  Millimeter 

Five  animals  were  sampled  in  each  strain  (5  samples). 
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DISCUSSION 


The  objective  of  this  investigation  was  to  quantitate  selected  morphologic  characteristics 
within  the  epidermal  and  dermal  regions  in  eight  laboratory  species.  The  measurements  will 
allow  for  an  improved  understanding  of  the  anatomical  differences  of  skin  in  laboratory  animals. 
This  understanding  is  critical  to  facilitate  extrapolation  of  chemical  absorption  in  animals  to 
humans. 

A  search  for  literature  containing  a  quantitative  comparison  of  skin  from  laboratory 
animals  produced  only  one  article  by  Monteiro-Riviere,  et  The  cat,  cow.  dog,  horse,  pig 
(Yorkshire),  rat  (Sprague-Dawley),  mouse  (BLB/cByS),  rabbit  and  monkey  {Macaca  mulata) 
were  studied  in  that  investigation.  While  the  present  study  used  several  similar  species  (mice, 
rats,  pigs  and  monkeys),  only  the  Macaca  mulata  was  identical.  Comparison  of  paraffin 
embedded  skin  epidermal  thickness  data  (Table  6)from  Monteiro-Riviere,  et  al  ('1990)<®>  with 
data  obtained  from  this  investigation  (stratum  corneum  and  viable  epidermis)  revealed  a 
similarity  between  the  haired  strains.  However  our  comparison  between  the  two  investigations 
of  stratum  corneum  thickness  showed  approximately  a  two-fold  greater  thickness  in  our  study 
for  the  rat,  mouse  and  pig,  yet  a  three-fold  reduction  in  thickness  for  the  rhesus  monkey.  It  is 
uncertain  if  this  is  due  solely  to  a  true  difference  between  the  samples  or  the  methods  by  which 
the  stratum  corneum  was  measured.  There  are  three  potentially  significant  differences  in  the 
methods  of  measurement.  The  first  difference  is  that  Monteiro-Riviere,  et  al  ('1990)<^>  used  a 
calibrated  ocular  micrometer,  while  this  investigation  measured  digitized  images.  This  is 
significant  because  the  digitized  image  obtained  with  the  40x  objective  can  be  resolved  with  an 
accuracy  of  0.66  micron.  Also,  and  perhaps  more  importantly,  a  digitized  image  can  contain  up 
to  256  shades  of  grey  when  converted  to  a  grey  scale  or  monochrome  image.  All  of  these 
shades  can  be  resolved  digitally,  while  the  human  eye  can  only  resolve  25  to  50  shades.  This 
greatly  aides  recognition  of  image  edges  in  the  loosely  attached  stratum  corneum.  The  second 
difference  is  that  the  stratum  corneum  measured  in  this  investigation  included  the  loose,  non¬ 
compact  superficial  layers  with  its  thickness  corrected  to  subtract  the  space  between  the  layers, 
while  Monteiro-Riviere,  et  al  (1990)^^^  measured  only  the  compact  stratum  comeurh.  The  third 
difference  is  that  the  previous  investigation  made  three  measurements  per  image,  while  this 
investigation  made  approximately  50  to  60  measurements  per  image.  An  additional  factor  that 
may  have  specifically  affected  the  rhesus  monkey  stratum  corneum  thickness  in  this  study 
could  have  been  the  surgical  preparation  of  the  biopsy  site  and  use  of  topical  disinfectants  prior 
to  the  cutaneous  biopsy.  This  may  have  removed  a  portion  of  the  stratum  corneum. 
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Table  6.  Montereiro-Riveire,  et  af^  Measurements  of  Paraffin  Sectioned  Thoraco-lumbar 
Skin 


BLB/cByS 

mouse 

Sprague-Dawley 

rat 

Yorkshire 

pig 

Rhesus 

monkey 

Stratum  corneum 
thickness  (microns) 

2.9000  +  0.12 

5.0  +  0.85 

12.28  +  0.72 

12.05  +  2.30 

Epidermal  thickness’ 
(microns) 

13.32  +  1.19 

21  +  2.23 

51.89  +  1.49 

26.87  +  3.41 

^  Epidermal  thickness  in  the  Monteiro-Riviere,  et  a!  investigation  equals  the  sum  of  the 
stratum  granulosum  thickness  and  viable  epidermis  thickness  in  this  investigation. 

Two  factors  may  have  affected  the  accuracy  of  the  measurements.  The  first  involved  the 
reliability  of  stratum  corneum  thickness  measurements  from  processed  tissues  to  represent  the 
thickness  present  on  the  intact  animal.  Due  to  the  nature  of  the  stratum  corneum,  it  can  only  be 
assumed  that  the  most  superficial  portions  are  likely  to  be  separate  from  the  deeper  portions 
during  tissue  processing.  While  all  tissues  were  treated  identically  to  avoid  variation,  it  is 
unknown  if  the  assumed  loss  is  identical  or  even  proportional  between  species. 

The  second  factor  involved  the  effect  of  tissue  shrinkage.  The  fixation  of  tissue  by 
buffered  formalin  is  generally  believed  to  induce  tissue  shrinkage.  The  degree  of  shrinkage  in 
the  cutaneous  tissues  examined  is  unknown.  Because  of  the  probability  of  this  tissue  change, 
the  measurements  and  comparisons  made  between  species  should  be  considered  relative 
comparisons,  and  values  should  not  be  considered  absolute.  The  future  determination  of  a 
shrinkage  factor  coefficient  could  allow  for  conversion  of  some  measurements  to  represent  their 
actual  values  in  the  intact  animal  more  closely. 

Blood  flow  is  a  dynamic  event  in  any  organ  of  the  intact  animal,  especially  the  skin.  The 
detection  and  measurement  of  vascular  channels  do  not  allow  for  the  prediction  or 
determination  blood  flow  through  these  structures.  Not  all  capillaries  are  active  at  the  same 
time,  and  a  single  factor  such  as  environmental  temperature  can  have  a  dramatic  effect  on 
dermal  perfusion.  Additionally,  tissue  processing  could  significantly  distort  the  cross-sectional 
area  measured.  Arterioles  and  capillaries  in  this  investigation  were  oval  to  round,  but  venules 
varied  from  oval  to  flattened  and  occasionally  indented.  However,  the  correlation  of  the 
determined  morphologic  vascular  parameters  with  established  techniques  using  cutaneous 
vascular  Doppler  dosimetry  could  provide  significant  insight  for  predicting  cutaneous  blood  flow. 
Montereiro-Riveire,  et  al  (1990)^^^  utilized  Doppler  dosimetry  in  their  study  but  did  not  attempt  to 
quantitate  vascular  features. 

An  unexpected  finding  from  this  investigation  was  that  the  hairless  strains  (Hairless 
Guinea  pig.  Fuzzy  rat  and  SKH1  mouse)  had  higher  fractional  areas  of  follicles  than  the  haired 
strains  of  the  same  species.  Thus,  the  appearance  of  these  genetically  "hairless"  mutants 
appears  not  to  be  due  to  the  agenesis  of  hair.  Also,  the  hairless  strains  had  higher  sebaceous 
gland  fractional  areas  compared  to  the  haired  strains. 
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A  second  finding  in  this  investigation  was  the  observation  that  the  surface  follicular  ostia 
often  occurred  in  ordered  rows.  There  was  a  similar  distance  between  rows  of  ostia  and 
between  individual  ostia  within  a  row.  This  finding  prompted  the  use  of  a  non-routine  section  for 
surface  follicular  ostia  counts  per  unit  of  surface  area.  This  method  allowed  for  visualization  and 
enumeration  of  follicular  ostia  that  were  not  possible  from  routine  histologic  sectioning. 

The  utility  of  methods  used  in  this  investigation  allowed  rapid  collection  of  hundreds  of 
measurements  that  would  have  been  cost  and  time  prohibitive  without  image  analysis.  The 
results  of  this  investigation  have  brought  to  light  the  value  of  additional  parameters  to  further 
define  the  anatomical  characteristics  between  species.  Such  parameters  include  determining 
the  dermis  and  subcutis  depths  and  determining  the  correlation  of  vascular  structures, 
especially  capillary  plexuses  to  adnexal  elements.  It  also  supports  a  recognition  for  the  need  of 
three-dimensional  computer  modeling  and  morphometry.  A  three  dimensional  model  of  skin 
coupled  with  an  insight  of  cutaneous  blood  flow  for  any  laboratory  species  could  significantly  aid 
in  the  advancement  of  dermal  toxicology.  This  three-dimensional  model  would  better  define  the 
relationship  of  adnexal  structures  to  the  superficial  capillary  plexus  blood  flow  and  the 
absorption  of  chemicals  into  the  blood  from  the  adnexa. 

Acknowledgment:  The  authors  wish  to  extend  their  appreciation  for  the  supportive  efforts  of 
Carlyle  Flemming,  Lana  Martin,  Gloria  Neeiy,  Peggy  Parish  and  Jerry  Nicholson. 
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APPENDICES 


Appendix  A  -  Non-Standard  Definitions 

The  following  non-standard  anatomical  terms  and  definitions  were  applied  to  analyzed 
tissues: 

•  Viable  epidermis  -  epidermal  regions  including  the  basal  cell  layer  and  extending  to, 
but  not  including,  the  stratum  granulosum 

•  Capillaries  -  vascular  spaces  lined  by  one  or  two  visible  endothelial  cells 

•  Arterioles  -  vascular  spaces  lined  by  three  or  more  endothelial  cells  surrounded  by 
smooth  muscle  tunic 

•  Venules  -  vascular  spaces  lined  by  three  or  more  endothelial  cells  and  lack  a  smooth 
muscle  tunic 
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Appendix  B  -  Measurement  Algorithms 

This  appendix  contains  a  brief  description  of  the  computer-based  algorithms  used  to 
measure  the  epidermis,  vessels  and  adnexal  structures  in  skin.  A  brief  description  of  each  step 
is  included  to  avoid  the  complexity  of  proprietary  computer  code  unique  to  the  Quantimet  570c 
Image  Analysis  and  to  allow  simplified  vocabulary  for  those  unaccustomed  to  image  analysis 
terminology. 

Skin.  Epidermal  Measurement  Algorithm 

1 .  Select  image  to  measure  and  align  tissue  section  for  optimal  presentation: 

A  glass  slide  with  processed  and  stained  cutaneous  tissue  is  placed  on  the  microscope 
and  aligned  for  proper  orientation  and  tissue  visibility  for  the  CCD  color  camera.  The 
surface  of  the  skin  is  vertical  and  toward  the  left.  The  gain  and  offset  are  adjusted  to 
properly  illuminate  the  tissue. 

2.  Computer-based  detection  of  background  (viewed  image  without  tissue): 

The  tissue  image  is  removed  from  the  field  of  view,  and  the  color  and  intensity  of  the 
clear  glass  slide  are  detected  and  stored  in  an  image  plane. 

3.  Convert  analog  image  to  digital  image: 

The  tissue  is  manually  realigned  to  its  previous  position  an  analog  image  captured  by 
the  CCD  camera  is  converted  to  a  digital  image  by  the  video  preprocessor.  The  digitized 
color  image  is  stored  in  a  24-bit  red-green-blue  (RGB)  format,  with  8-bits  being  allocated 
for  each  color  component. 

4.  Computer-based  detection  of  granular  cell  layer: 

The  granular  layer  stains  a  very  dark  blue  due  to  the  absorption  of  hematoxylin  by  the 
keratohyaline  granules  by  the  cells  of  this  layer.  The  image  analysis  system  identifies 
this  blue  color  by  thresholding  on  the  digitized  color  image.  The  thresholding  process 
entails  specifying  in  each  of  the  digitized  color  components  a  range  of  values  which 
uniquely  describe  the  color  of  the  region  of  interest.  The  detected  granular  layer  image 
is  digitized  in  a  video  image  plane,  thus  allowing  for  its  position  and  size  to  be  stored. 

5.  Computer-based  detection  of  total  epidermal  area: 

The  same  tissue  is  manually  realigned  in  the  same  position  as  when  the  granular  layer 
was  detected.  The  epidermis  is  stained  shades  of  blue  due  to  its  affinity  for  hematoxylin, 
and  the  dermis  is  stained  pink  to  red  due  to  its  affinity  for  eosin.  The  total  epidermis  is 
detected  utilizing  the  difference  in  staining.  Its  size  and  location  are  stored  in  an  image 
plane. 

6.  Computer-based  determination  of  each  area  to  be  measured: 

The  images  stored  in  the  three  image  planes  will  now  be  referred  to  as  regions.  They 
are: 

(a)  region  1  =  background 

(b)  region  2  =  total  epidermis 

(c)  region  3  =  granular  cell  layer 
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Below  are  descriptions  of  the  appropriate  use  of  these  regions.  The  position  and  size  of 
the  stratum  corneum,  stratum  granulosum  and  the  remaining  viable  epidermis  can  be 
recognized  as  distinct  zones  for  measurement  by  using  these  descriptions  accordingly. 
Once  the  zones  have  been  determined,  the  width  of  the  zone  on  a  plane  perpendicular 
to  the  surface  is  measured  along  a  horizontal  row  of  pixels,  known  as  a  chord.  The 
zones  can  be  identified  by  measuring  from  left  to  right  as  follows; 

(1)  From  the  right  edge  of  region  1  to  the  left  edge  of  region  3  is  the  stratum 
corneum  zone;  in  measuring,  any  space  with  the  same  color  as  the 
background  is  subtracted  from  the  chord  length. 

(2)  Region  3  is  the  stratum  granulosum  zone. 

(3)  From  right  edge  of  region  3  to  right  edge  of  region  2  is  the  remaining 
viable  epidermis  zone. 

The  width  of  each  zone  is  measured  by  extrapolating  the  number  of  pixels  on  each 
chord  and  the  calibrated  width  of  a  pixel  at  the  magnification  used  to  view  the  tissue. 
Multiple  measurements  are  obtained  by  repeating  the  measurements  every  ten  pixels 
on  a  vertical  plane. 

Skin,  Dermal  Vessel  Measurement  Algorithm 

1 .  Select  image  to  measure: 

A  glass,  slide  with  the  cutaneous  tissue  is  placed  on  the  microscope  and  aligned  for 
proper  orientation  and  tissue  visibility  for  the  CCD  color  camera.  The  surface  of  the  skin 
is  vertical  and  toward  the  left. 

2.  Convert  analog  image  to  digital  image: 

The  analog  image  captured  by  the  CCD  camera  is  converted  to  a  digital  image  by  the 
video  preprocessor. 

3.  Computer-based  detection  of  the  basement  membrane: 

The  total  epidermis  is  detected  in  the  same  manner  as  described  in  the  epidermal 
measurement  algorithm.  Once  detected,  the  right  margin  is  identified  to  be  the 
basement  membrane. 

4.  Apply  computer-based  grid  overlay: 

A  basic  problem  of  visualization  and  location  of  vessels  is  resolved  by  using  a  grid 
overlay.  The  features,  such  as  capillaries,  to  be  measured  cannot  be  visualized  at  low 
magnification.  When  viewed  at  an  adequately-increased  magnification,  the  distance 
from  the  capillaries  to  the  basement  membrane  is  not  within  the  field  of  view  for  all  but 
the  most  superficial  capillaries. 

A  computer  generated  grid  is  composed  of  parallel  and  perpendicular  lines  resulting  in 
rows  and  columns  of  small  boxes  or  grid  cells.  The  application  or  overlay  of  a  grid  to  a 
tissue  section  at  low  magnification  allows  for  the  precise  determination  of  the  bounding 
lines  of  the  grid  ceil  to  an  anatomical  feature  such  as  the  basement  membrane.  The  size 
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of  each  individual  cell  is  the  size  of  the  field  of  view  at  high  magnification.  The  computer 
generated  grid  is  stored  in  a  video  image  plane  and  used  as  a  binary  overlay. 

When  the  individual  grid  cell  is  viewed  at  a  (high)  magnification  to  visualize  capillaries, 
the  image  analysis  system  calculates  the  distance  from  the  capillary  to  the  grid  cell 
border  in  the  direction  of  the  basement  membrane  and  the  distance  from  the  grid  cell 
border  to  the  basement  membrane.  The  sum  of  these  two  distances  is  the  depth  of  the 
detected  feature  from  the  basement  membrane. 

5.  Select  a  grid  element  to  be  measured  at  higher  magnification; 

The  measurement  of  the  tissue  involves  manually  selecting  a  grid  cell,  performing  steps 
to  measure  features  in  that  cell  at  a  higher  magnification,  returning  to  low  magnification 
and  selecting  the  next  grid  cell  until  all  cells  have  been  evaluated. 

6.  Alignment  algorithm: 

After  a  grid  cell  has  been  selected,  the  tissue  associated  with  that  cell  must  be  aligned 
in  the  center  of  the  field  of  view  to  allow  for  proper  alignment  at  higher  magnification. 
This  is  accomplished  by  the  following  steps: 

(a)  Detect  histologic  features  within  a  grid  cell  and  convert  them  to  image  contours. 
The  contours  are  stored  in  an  image  plane  and  will  be  used  as  a  binary  overlay 
for  tissue  alignment. 

(b)  The  image  contour  binary  overlay  from  within  the  grid  cell  is  positioned  in  the 
center  of  the  field  of  view  at  low  magnification.  The  tissue  is  then  manually 
moved  to  align  the  features  with  the  binary  overlay. 

(c)  Next,  the  binary  overlay  size  is  increased  to  equal  that  of  the  tissue  at  a  higher 
magnification.  The  microscope  objective  is  adjusted  to  the  higher  magnification, 
and  the  tissue  is  again  manually  aligned  with  the  binary  overlay.  The  tissue  is 
now  aligned  to  measure  the  desired  features  within  the  grid  cell  at  high 
magnification. 

7.  Computer-based  detection  of  vessels: 

Tissue  sections  used  for  vessel  measurements  are  stained  with  H&E.  The  detection  of 
endothelial-lined  structures  (vessels)  was  based  on  color  thresholding. 

8.  Vessel  Measurements: 

After  the  vessels  are  detected,  they  are  manually  defined  by  keyboard  entry  as  either  an 
arteriole,  venule  or  capillary.  The  image  analysis  system  measurement  processor  then 
performs  the  desired  measurement  of  each  individually  detected  feature,  such  as  cross- 
sectional  area.  The  depth  of  the  vessel  is  determined  in  the  manner  described 
previously. 

9.  Store  Data: 

The  data  obtained  from  measurements  are  stored  in  an  ASCII  file. 
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10.  Return  to  low  magnification  and  repeat  for  each  subsequent  grid  segment  until  the 
measurement  of  grid  cells  is  complete. 

Dermal  Adnexal  Measurement  Algorithm 

The  procedure  used  for  adnexal  measurements  is  similar  to  that  used  for  vascular 
measurements  but  differs  in  two  ways.  Masson's  trichrome  is  used  to  stain  the  tissues  resulting 
in  different  detectable  colors  for  connective  tissue,  hairs  and  follicular  epithelium/glandular 
epithelium.  The  second  difference  is  that  hair  follicles  and  sebaceous  glands  are  the  measured 
features. 

Skin.  Dermal  Follicular  Count  (follicle  to  surface  area) 

1 .  Select  image  to  measure; 

The  second  tissue  specimen  was  sectioned  to  allow  for  determination  of  the  number  of 
follicular  ostia  per  cutaneous  surface  (see  Materials  and  Methods  -  Sample 
Preparation).  A  glass  slide  with  the  cutaneous  tissue  is  placed  on  the  microscope  (20x 
magnification)  and  aligned  for  proper  orientation  and  tissue  visibility  for  the  CCD 
camera. 

2.  Convert  analog  image  to  digital  image: 

The  analog  image  captured  by  the  CCD  camera  is  converted  to  a  digital  image  by  the 
video  preprocessor. 

3.  Manually  count  follicular  ostia  in  field  of  view: 

The  follicular  ostia  in  each  examined  section  are  counted  and  tabulated  manually. 
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